Neutral vanadium sulfide clusters are generated by the reaction of seeded hydrogen sulfide in a helium carrier gas with laser ablated vanadium metal within a supersonic nozzle. The exiting clusters are expanded into a vacuum in a molecular beam and are ionized by both ultraviolet ͑UV͒ and vacuum UV ͑VUV͒ laser radiation. The generated ions are detected by a time of flight mass spectrometer. With single photon ionization ͑SPI͒ employing VUV ͑118 nm͒ radiation, sulfur rich clusters ͑V m S n , n Ͼ m +1͒ and hydrogen containing clusters ͑V m S n H x , x Ͼ 0͒ are observed. With multiphoton ionization ͑MPI͒ through nanosecond UV ͑193 nm͒ radiation, these sulfur rich and hydrogen containing clusters cannot be observed, indicating severe fragmentation generated by MPI and the importance of SPI in determining the neutral vanadium sulfide cluster distribution. With MPI through femtosecond UV ͑226 nm͒ radiation, a few sulfur rich and hydrogen containing clusters are detected, but most clusters observed by SPI are still undetected even by femtosecond MPI. Density functional theory calculations are applied to optimize energies and structures of the clusters with m =1-3 and n =0-7. The experimental results are well interpreted based on the calculations. The calculated and experimental results for vanadium sulfides are compared with those of vanadium oxides in literature.
I. INTRODUCTION
Gas phase transition metal containing clusters ͑such as carbides, nitrides, oxides, sulfides, etc.͒ are excellent model systems upon which to base a fundamental understanding of condensed phase and surface properties, chemistry, and dynamics. On the other hand, these clusters offer a challenge for theoretical modeling and computation of their energetics, structures, and electronic states. 1, 2 Among these clusters, charged species 3, 4 have been much more extensively studied than neutral ones because electric and magnetic forces can be used to control and manipulate charged particles; in contrast, neutral clusters are difficult to control and usually must be ionized for detection.
Cluster electronic and reactivity properties should depend sensitively on charge state, especially for small clusters. Neutral cluster properties are important to study in order to have a complete understanding of a cluster, and by implication, of condensed phase and surface chemistry. We have studied neutral cluster distributions and reactivity employing single photon ionization ͑SPI͒ with vacuum ultraviolet ͑VUV͒ and soft x-ray lasers. [5] [6] [7] [8] [9] [10] SPI is essential for detecting neutral oxide cluster distributions through time of flight mass spectrometry ͑TOFMS͒, while multiphoton ionization ͑MPI͒ through 193 and/or 355 nm laser radiation can never detect a complete oxide cluster distribution due to ͑sometimes severe͒ photodissociation during or after ionization. SPI has also been used by us to study successfully the reactivity of a few groups of metal oxide clusters. 11 With this present work, studies have been extended to metal sulfide clusters. In this paper, we explore the formation, detection, and stability of neutral vanadium sulfide clusters. This work is also motivated by the fact that bulk vanadium sulfide is a good catalyst for hydrogenation reactions of various cyclic molecules. 12, 13 The study of gas phase vanadium sulfide clusters can thus finally shed light on the molecular level mechanisms for bulk catalytic reactions. Previous experimental work on gas phase vanadium sulfide clusters is mostly for monovanadium polysulfide cations ͑VS n + , n =1-10͒. [14] [15] [16] [17] [18] Cationic 19 and anionic 19, 20 clusters with up to 14 vanadium atoms have been produced by laser ablation of vanadium/sulfur powder mixtures or V 2 S 3 samples. A 248 nm photodissociation 19 has also been used to study the stability of V m S n + clusters. Sulfur rich clusters ͑n Ͼ m͒ are suggested to be composed of a kernel V m S n + and n-m peripheral sulfur atoms that are easy to lose as S 2 , S 4 ͑or S 2 +S 2 ͒, or S 6 ͑or S 2 +S 2 +S 2 ͒ units upon UV photon absorption. In addition, V 2 S 2 + , V 3 S 4 + , and V 4 S 4 + are found to have relatively high stability. Spectroscopy of VS in the gas phase and VS 2 in an argon matrix can be found in Refs. 21 and 22, respectively. Quantum chemistry calculations of structures and vibrational frequencies are also reported for VS n + , 15, 17, 18, 23, 24 V 2 S 2 + and V 3 S 4 + , 25 and VS and VS 2 .
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In the present work, neutral V m S n clusters are produced and detected by MPI and SPI techniques. Density functional theory ͑DFT͒ calculations are applied to small clusters ͑m Ͻ 4 and n Ͻ 8͒. The following questions are addressed in these studies: ͑1͒ is SPI, employing a VUV laser, able to and necessary to study neutral V m S n cluster distribution and reactivity; ͑2͒ how are the vanadium and sulfur atoms bonded to form a cluster; and ͑3͒ how different are sulfide ͑V m S n ͒ and oxide ͑V m O n ͒ cluster molecules of vanadium?
II. EXPERIMENTAL PROCEDURES
The pulsed laser ablation/supersonic nozzle apparatus employed in this work has been discussed in Ref. 26 and a few more details can be found in Ref. 27 . Only a brief outline of the experiments is given below. V m S n clusters are generated by laser ablation of a vanadium metal foil in the presence of a helium carrier gas seeded with various concentrations of H 2 S. CS 2 is also used instead of H 2 S in the carrier gas in order to test the synthesis of V m S n species in the experiment. The clusters formed in a gas channel ͑⌽2 mm ϫ 33 mm͒ are expanded and skimmed ͑⌽2 mm͒ into a vacuum system of a TOFMS for ionization through three different lasers: a 193 nm UV excimer ͑ArF͒ laser with a pulse width of ϳ10 ns, a 226 nm UV femtosecond laser with a pulse width of ϳ200 fs, and a 118 nm VUV laser with a pulse width of ϳ5 ns. Ions are detected and signals are recorded as previously described. 26 The 118 nm laser light is generated by focusing the third harmonic ͑355 nm, ϳ30 mJ͒ of a Nd:YAG ͑yttrium aluminum garnet͒ laser in a tripling cell that contains about a 250 Torr argon/xenon ͑10/ 1͒ gas mixture.
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III. DFT CALCULATIONS
Becke's exchange 28 and Perdew-Wang's correlation
29
͑BPW91͒ functionals with a contracted Gaussian basis set of triple zeta valence quality 30 plus one d function for sulfur and one p function for vanadium are used to optimize the structures of V m S n with different isomers and spin multiplicities. This basis set is denoted as TZVP in the GAUSSIAN03 program, 31 which is used in this work for all the calculations. A vibrational frequency calculation is also carried out after each optimization to check that all the frequencies are positive. For each cluster, different initial structures ͑models͒ are used as input in the optimization procedure. For each model, spin multiplicities are scanned from low to high until an energy minimum is found. For sulfur poor clusters ͑V m S n , n ഛ m͒, additional one or more high spin multiplicities are also tested because these clusters may have a low energy high spin state. Adiabatic ionization energies ͑IEs͒ are also calculated for the lowest energy structure of each cluster. Two spin multiplicities with M͑ion͒ = M͑neutral͒ ± 1 are tested in the IE calculation, in which M͑ion͒ and M͑neutral͒ are spin multiplicities of the cation and the neutral species, respectively.
IV. RESULTS
A. Mass spectra of neutral vanadium sulfide clusters Figure 1 plots the TOF mass spectrum of V m S n generated using 5% H 2 S in the carrier gas and ionized through the 193 nm ͑6.4 eV͒ radiation. Three series of clusters are observed for this experimental condition: an intense V m S m and two relatively weak V m S m−1 and V m S m+1 . Various other H 2 S concentrations are also used in the 193 nm ionization experiment. The spectra are similar to the one shown in Fig. 1 for H 2 S concentrations in the range of 1%-10%. At very low H 2 S concentration ͑ഛ0.3% ͒, sulfur poor clusters V m S m−1 become relatively intense and new series, such as V m S m−2 , are observed. Figure 2 plots the mass spectrum of clusters generated using 3% H 2 S and ionized through 118 nm ͑10.5 eV͒ radiation. Under these conditions many sulfur rich clusters ͑V m S m+k , k =2-7͒, never present in the 193 nm spectrum, are observed. Because H 2 S is used as sulfur source in the experiment, many hydrogen containing clusters ͑V m S n H x , x 0͒ are also observed through 118 nm ionization. Two portions of the spectrum in FIG. 2. TOF mass spectrum of vanadium sulfide clusters generated by single photon ionization through 118 nm radiation. 3% H 2 S seeded in 5 atm He is used as the expansion gas. The sulfur series are marked by solid square ͑VS n ͒, circle ͑V 2 S n ͒, up triangle ͑V 3 S n ͒, down triangle ͑V 4 S n ͒, diamond ͑V 5 S n ͒, left triangle ͑V 6 S n ͒, and right triangle ͑V 7 S n ͒ symbols. The peaks on the high mass side of V m S n features correspond to hydrogen containing clusters ͑V m S n H x , see Fig. 3͒ . spectra under different concentrations of H 2 S are shown in Fig. 4 . Sulfur rich clusters become less abundant, while sulfur poor clusters become relatively more abundant, as H 2 S concentration is decreased. Higher concentrations ͑up to 10%͒ of H 2 S in the carrier gas are also employed in this work, and the mass spectra for such samples are quite similar to the one shown in Fig. 2 , except that the sulfur series ͑such as V 2 S n and V 3 S n ͒ is longer by one or more sulfur atoms. Figure 5 compares a portion of the mass spectra obtained with different ionization lasers. The result of 226 nm ͑5.5 eV͒ femtosecond laser ionization is roughly the same as the result of 193 nm nanosecond laser ionization except a few more sulfur rich ͑VS 3 , VS 4 , V 2 S 4 , and V 3 S 5 ͒ and hydrogen containing ͑VS 3 H x , x =1, 2, and VS 4 H x , x =1,2,3͒ clusters are observed. Figure 6 plots the cluster distribution under 118 nm ionization and using 3% CS 2 as the sulfur precursor seeded in the carrier gas. Pure vanadium sulfide clusters and carbon containing clusters are generated and observed under these experimental conditions. The sulfur series ͑V x S n , x constant and n variable͒ is not as long as the one generated using 3% H 2 S as the sulfur precursor, so CS 2 for a reactant is not a good choice to generate sulfur rich clusters.
B. DFT calculations for vanadium sulfide clusters
To gauge the validity of the BPW91/TZVP method for the calculation of the properties of vanadium sulfide clusters, FIG. 6. TOF mass spectrum of vanadium sulfide clusters generated by single photon ionization through 118 nm radiation. 3% CS 2 seeded in 5 atm He is used as the expansion gas. The sulfur containing series are marked by solid square ͑VS n ͒, circle ͑V 2 S n ͒, up triangle ͑V 3 S n ͒, down triangle ͑V 4 S n ͒, diamond ͑V 5 S n ͒, left triangle ͑V 6 S n ͒, right triangle ͑V 7 S n C͒, and hexagon ͑V 8 S n C͒ symbols. The peak on the high mass side of V m S n C x by 2 amu corresponds to V m 32 S Table I . The experimental bond lengths of V 2 and VS are very well reproduced by the calculation. The calculated bond lengths of S 2 and S 3 are longer than the experimental values by 0.05 Å, probably due to the tight d effect 40 that is not taken into account by the TZVP basis set used in this work for sulfur. As a result, the calculated vibrational frequencies of S 2 and S 3 are all lower than the experimental values by about 30-50 cm −1 . All the calculated ionization energies agree with experimental values within about 0.3 eV. The binding energies also agree with each other within 0.3 eV ͑ϳ7 kcal/ mol͒. The results indicate that the BPW91/TZVP method is capable of calculating a reasonably good structure for V m S n ͑m 0͒. The calculated relative energies of V m S n and V m S n + are believed to be accurate enough to guide a qualitative description of the energetics. In this work, the basis set superposition error 41 ͑BSSE͒ due to the use of incomplete basis sets for vanadium and sulfur atoms is not considered in reporting the cluster binding, bond, and dissociation energies. A test calculation indicates that BSSE is about 0.05 eV for VS bond energy, which is negligible compared to the total energy ͑ϳ5 eV͒, for our qualitative purposes in this report. 5 , and VS 6 ͑sulfur-sulfur bonding is significant in this case͒, and ͑4͒ S w ͑3 V͒ bonding with characteristics of triple bonding between one sulfur and three vanadium atoms ͑the V-S distance is in the range of 2.30-2.41 Å in this case͒. Vanadium-vanadium metallic bonding is present in V 2 S n and V 3 S n with n ഛ 5. The top panel of Fig. 9 shows that for VS 5 the structure with a sulfur-vanadium ring ͑ring-S n -V-͒ is not as stable as the structure with only V-S and V -͑S 2 ͒ bondings. This point is also confirmed for VS 4 and VS 6 . Based on this result, no structure with ring-S n -V-͑n ജ 3͒ has been tested in the structure optimization for V 2 S n and V 3 S n . The bottom panel of Fig. 9 shows that an open structure ͑C 1 / M =1͒ is unstable compared to compact structures with more bridged V-S-V bonds. The structure of a V m S n cluster is also strongly dependent on the spin state ͑see Fig.  9 , M = multiplicity͒: ͑1͒ VS 5 has a C s symmetry structure for M = 2, but the symmetry changes to C 2v for M =4; ͑2͒ V 2 S 5 has a D 3h structure for M = 1, but the D 3h structure is not stable for M = 3 and 5, for which the most stable structures have C s symmetry ͑if the V 2 S 5 optimized structure C s / M = 3 is used as the initial input for the structure optimization of V 2 S 5 M = 1, the D 3h structure is finally generated͒; and ͑3͒ the terminal V-S bond length increases as M increases, which implies that the unpaired electrons are ͑at least partially͒ located in the terminal V-S bonds for a cluster with a high spin multiplicity ͑M ജ 3͒. Table II lists the adiabatic ionization energies of V m S n clusters. The lower spin state of cationic clusters ͑V m S n + ͒ is usually more stable than the higher one. The exceptions are V 2 + , V 2 S 6 + , and V 3 S + . The IE of V 2 S n and V 3 S n generally increases with the increasing n, which agrees with the structures in Figs. 7 ͑bottom panel͒ and 8, in which less V-V metallic bonding is present for clusters with more sulfur atoms. The IE of VS n increases to a maximum at n = 3 then decreases as n increases. This suggests that the V͑S 2 ͒ bonding, as found in VS 4 , VS 5 , and VS 6 ͑top panel of Fig. 7͒ , tends to generate at least one loosely bound electron in the cluster.
To discuss the stability of V m S n clusters, Table III lists the dissociation channels ͑V i+j S k+l → V i S k +V j S l ͒ and energies ͓⌬E = E͑V i S k ͒ + E͑V j S l ͒ − E͑V i+j S k+l ͔͒ for the most stable structures in Figs. 7 and 8. Table IV lists similar results for cationic clusters by using the optimized energies of both V m S n + and V m S n . Figure 10 summarizes the lowest dissociation and ionization energies for each cluster using the data from Tables II-IV. From Tables III and IV one concludes that sulfur rich clusters ͑V m S n 0/+ , n Ͼ ϳ m͒ have the most energetically favorable dissociation channels involving loss of a S 2 or S unit. The dissociation energy has a tendency to decrease as n increases for these sulfur rich clusters. For sulfur poor clusters ͑V m S n 0/+ , n ഛ ϳ m͒, the most favorable dissociation channels usually involve the loss of a VS or V unit. The lowest dissociation energies have a maximum at m = n ͑V 2 S 2 + ͒ or n = m +1 ͑V 2 S 3 and V 3 S 4 0/+ ͒ for each sulfur series ͑Fig. 10, see Tables III and IV for details͒. Vanadium sulfide clusters V m S n with a stoichiometry of m : n Ϸ 2:5 do not possess the highest dissociation energy in each sulfur series ͑m constant and n variable͒. Figure 2 shows that sulfur rich clusters ͑V m S n , n Ͼ m +1͒ are generated under our experimental conditions, however, none of them can be observed by ionization through 193 nm ͑6.42 eV͒ nanosecond laser radiation. Table II indicates that these clusters all have IEs higher than 6.5 eV which requires a MPI process to ionize them. A sufficient photon density must be provided for MPI to occur, and clusters may fragment severely in a high photon fluence. The low dissociation energies of V m S n 0/+ ͑n Ͼ m +1͒ listed in Tables III  and IV indicate that cluster fragmentation can occur in both neutral and ion states. The Rice-Ramsberger-Kassel ͑RRK͒ model can be used to estimate the rates of fragmentation after the cluster absorbs one photon, employing the following form: 
V. DISCUSSION
A. Cluster fragmentation during ionization
k dis = ͓1 − ⌬E/͑h 193 + E v ͔͒ 3N−7 , ͑1͒E v = ͑3N − 6͒kT v ,
͑2͒
in which ⌬E is cluster dissociation barrier, simplified as the dissociation energy in Tables III and IV , h 193 is the photon energy ͑6.42 eV͒, N is the number of atoms in the cluster, k is the Boltzmann constant, T v is the initial cluster vibrational temperature, and is the effective frequency along the dissociation coordinate. We assume that the electronic energy given to the cluster by absorption of a photon will convert to cluster vibrational energy prior to cluster dissociation; that is, internal energy conversion and intracluster vibrational energy redistribution ͑IVR͒ are much faster than vibrational predissociation. To estimate the dissociation rate ͑k dis ͒, T v = 700 K is used as determined for VO 2 in Ref. 7 and =3 ϫ 10 12 s −1 ͑100 cm −1 ͒ is assumed. The calculated dissociation rates are listed in Table V. The results in Table V indicate that the 193 nm nanosecond ͑ϳ10 ns͒ laser may never be able to ionize VS n ͑n ജ 3͒ because the cluster dissociates within less than 0.1 ns after absorbing the first photon, and thus it has only a small chance to absorb a second photon to get ionized. The situation is similar for V 2 S n ͑n ജ 4͒, for which the dissociation of neutral V 2 S 4 and V 2 S 5 will compete with the ionization ͑ab-sorbing of the second photon͒; however, for a sufficient photon density for second photon absorption, the ionized species V 2 S 4 + and V 2 S 5 + can further absorb one photon and fragment within less than 0.1 ns. Moreover, the excess energy ͑part of xh 193 -IE, x ജ 2͒ left in the ion may cause its fragmentation directly. For V 3 S n ͑n ജ 5͒, the cluster can ionize before the fragmentation of neutral species occurs; however, as discussed for V 2 S 4 + and V 2 S 5 + , the ionic species V 3 S n + can fragment easily ͑within 20 ns for V 3 S 7 + ͒ and will not be detected by the mass spectrometer. One can conclude that the inability to observe sulfur rich clusters ͑Fig. 1͒ through 193 nm laser ionization is due to the low dissociation energy of V m S n 0/+ and insufficient 193 nm photon energy to yield a single photon ionization.
The observation of some sulfur rich clusters ͑middle panel of Fig. 5͒ such as VS 3 and VS 4 by cluster ionization through 226 nm ͑5.49 eV͒ femtosecond ͑ϳ200 fs͒ laser radiation supports the above interpretation of cluster fragmentation. For very short laser pulses with high photon fluence, neutral cluster dissociation ͑Table V͒ and probably IVR are not fast enough to compete with the second ͑third, etc.͒ photon absorption and ionization. As a result, more clusters are observed. Nevertheless, clusters can absorb enough excess energy during or after the ionization and fragment due to low dissociation energies of the ion ͑Table IV͒. Thus the full ͑true͒ cluster distribution is only observed in these experiments by a low fluence, SPI employing a 118 nm ͑10.5 eV͒ laser ionization source ͑bottom panel of Fig. 5͒ . Sulfur rich clusters have IEs in the range of 7.3-9.1 eV ͑Table II͒ which are all below the 118 nm laser single photon energy ͑10.5 eV͒. Only 1 -3 eV excess energy may be left in the ion. In addition, the photoelectron generated from SPI is likely to take away most of the excess energy, as demonstrated by the study of ionization of V m O n , Nb m O n , and Ta m O n clusters through a 26.5 eV ͑46.9 nm͒ soft x-ray laser. 10 As a result, the V m S n + generated through 10.5 eV SPI can be detected as stable species without fragmentation. The cationic cluster distribution presented in Fig. 2 should represent a real neutral cluster distribution, with the possible modulation of relative mass channel intensities, due to the ionization efficiency at 118 nm. Note, however, that one typically observes 118 and 46.9 nm ionizations to yield very similar parent ion distribution patterns. 10 Another interesting point revealed by VUV laser ionization is that many hydrogen containing clusters ͑V m S n H x , x 0, see Figs. 2 and 3͒ are formed by the reaction of seeded H 2 S with the laser ablation generated vanadium plasma. None of these clusters are observable by ionization through the 193 nm UV laser ͑see Fig. 1͒ due to fragmentation. If the results generated by the VUV laser were not available, the UV laser results could be interpreted as a complete dehydrogenation reaction between H 2 S and the vanadium plasma. Nitride cluster formation, through the reaction of NH 3 with Ti/ Zr/ Nb plasmas, has been studied 42 and one finds that many hydrogen containing cationic clusters such as TiNH͑NH 3 ͒ 6 + , ZrN͑NH 3 ͒ 6 + , and NbN͑NH 3 ͒ 4 + are formed and detected directly without additional ionization by a mass spectrometer. On the other hand, 355 nm laser postionization was used to detect neutral clusters with no observation of any hydrogen containing species. Aided by laser fluence studies 43 and experimental condition arguments, complete dehydrogenation is suggested for the reaction of ammonia with metal plasmas for neutral cluster formation. The results in the present work suggest an alternative interpretation: The inability to observe hydrogen containing neutral clusters by 335 nm postionization 42 may be due to neutral parent cluster fragmentation through the absorption of a number of 355 nm UV laser photons.
B. V m S n cluster stability
As shown in Fig. 2 , the most abundant neutral clusters generated are sulfur rich clusters ͑V m S n , n Ͼ m +1͒. These clusters are detected, however, as sulfur poor cationic species ͑V m S n + , n ഛ m + 1, see Fig. 1͒ by MPI through 193 nm radiation. Based on the discussion of the cluster fragmentation during ionization in the previous subsection, the mass spectral distribution of cluster ions in Fig. 1 can be assumed to reflect the stability of cationic species: V n S n + and some V n S n+1 + ͑n = 3, 5, and 7͒ are relatively stable vanadium sulfide cations. This is also supported by the 248 nm photodissociation study reported in Ref. 19 : ͑1͒ V m S n + cluster ͑n Ͼ m +1͒ loses S 2 or several S 2 units until n = m or n = m + 1 upon UV photon absorption; and ͑2͒ V 2 S 2 + , V 3 S 4 + , and V 4 S 4 + are found to be very stable. All the experimental results for the cationic species are supported by or support the calculations in this work ͑see Table IV͒: ͑1͒ the lowest dissociation energies of V 2 S 2 + ͑4.71 eV͒, V 3 S 3 + ͑4.81 eV͒, and V 3 S 4 + ͑5.87 eV͒ are relatively high; and ͑2͒ the V m S n + ͑n Ͼ m +1͒ dissociation channels involving the loss of S 2 have low dissociation energy ͑Ͻ3.6 eV͒. The calculated dissociation energy of V 3 S 4 + is higher than the 248 nm photon energy ͑5.00 eV͒. This should explain the high stability of V 3 S 4 + found in the 248 nm photodissociation study. The lowest energy structure 44 This supports the validity of the DFT calculations, although the gas phase and the condensed phase vanadium sulfides may have different bonding properties and structures.
C. Comparison of vanadium sulfide clusters with vanadium oxide clusters
Many differences can be found between V m S n and V m O n clusters, mainly due to ͑1͒ the stronger bonding between V and O ͓VO bond strength: 6.51 eV ͑Ref. 45͔͒ than between V and S ͓VS bond strength: 4.95 eV ͑Ref. 34͔͒ and ͑2͒ longer bond lengths for V and S ͓VS bond length: 2.0501 Å ͑Ref. 21͔͒ than for V and O ͓VO bond length: 1.5893 Å ͑Ref. 46͔͒. V m O n 0/+ clusters with stoichiometric ratios n / m = 2.0-2.5 are most stable, as found in theoretical and experimental studies. 47, 48 As a result of weaker V-S bonding than V-O bonding, V m S n 0/+ clusters with lower n values ͑n / m = 1.0-1.5͒ are most stable: this conclusion is supported by the calculations and experiments presented in this report. For the same reason, V-V metal bonding is much more significant in sulfides than in the corresponding oxides. One indication of this trend is that the V-V bond length is much shorter in V 2 S 2 ͑1.95 Å, Fig. 7 in this work͒ than in V 2 O 2 ͑2.58 Å, Fig. 1 in Ref. 47͒. Metal-metal bonding is also evident in condensed phase vanadium sulfides, 49 which again confirms the DFT calculated structure qualitatively.
The calculated V n -S bond strengths ͓E͑V n ͒ + E͑S͒ − E͑V n S͔͒ are 4.96, 5.40, and 6.17 eV for n = 1, 2, and 3, respectively. This suggests that sulfur atoms tend to form bonds with more than one vanadium atom. In other words, to form ͑3V͒ϵS and V-S-V bonds is more favorable than to form terminal V v S bond. This is understandable since the V-S distance is relatively long, and as a result, sulfur can form bonds with multiple vanadium atoms. In contrast, a test calculation using the BPW91/TZVP method indicates that VO has the largest bond strength among V n -O ͑n =1, 2, and 3͒. Due to the above bonding difference between vanadium sulfides and oxides, the lowest energy structure ͑model͒ of each V m S n ͑m ജ 2͒ cluster is usually different from that of V m O n as calculated in Ref. 47 : for example, ͑1͒ the structure of V 2 O n ͑n =3-6͒ can be described by a four-membered ring-VOVO plus additional V-O terminal bond͑s͒, while the structures of V 2 S 3 and V 2 S 5 are described as three V-S-V bonds plus additional terminal bonds ͑Fig. 7͒, and ͑2͒ V 3 O 6 ͑possibly V 3 O 4 and V 3 O 5 ͒ is described by a six-membered ring-VOVOVO plus additional VO terminal bonds, while the structure of V 3 S n ͑n =4͒ is characterized by one ͑3V͒ ϵ S bond plus additional V-S-V and V v S bonds ͑Fig. 8͒, in agreement with the relatively high V 3 -S bond strength.
VI. CONCLUSION
The ionization energies of V m S n ͑n Ͼ m +1͒ are around 7 -9 eV. The multiphoton ionization of these clusters through 193 nm ͑6.42 eV͒ radiation causes severe cluster fragmentation. Although fragmentation depends on many factors, such as absorption and ionization cross sections for particular clusters and laser wavelengths, one may generally conclude that a cluster with a relatively high IE and a low dissociation energy for neutral and/or cationic states is subject to fragmentation in UV multiphoton ionization processes. A real distribution of neutral V m S n is detected by single photon ionization through 118 nm ͑10.5 eV͒ VUV laser radiation. This technique can be further used to study the reactivity of these neutral clusters. Density functional theory calculations for V m S n support and are supported by the experimental observations. The properties and lowest energy structures of V m S n and V m O n are usually different: ͑1͒ V m O n are relatively stable with n / m = 2.0-2.5 while V m S n are stable with n / m = 1.0-1.5; ͑2͒ more V-V metallic bonding occurs in sulfide clusters than in the corresponding oxide clusters; and ͑3͒ V m X n usually has fewer terminal V v X bonds and more V-X-V and/or ͑3V͒ϵX bonding for X v S than for X v O.
